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Abstract,

A ission concept based on an ultra- stable frequency standard and a noulti- beam
communications system is discussed. This mission is intended to study Finstein’s
Fguivalence 1 °rinciple and scarch for low frequency gravitational waves. 'I'he concept,
i s based on a small mission séto conforrn with the requirements of NASA’S Small
Fixplorer Mission program.

1. Introduction

T'he most celebrated test o f relativity with an atomic frequency staiidard in space
is the experiment referred to as G <A, performed by Vessot, and collaborators [1] at
the Smithsonian Astrophysical observatory. This experiment involved the flight of a
hydrogenmaser 011 a Scout rocket in a suby orbital trajectory. i spite of the fact that
thisfivst “ space” clock did not achicve anorbital trajectory, it produced a wealth of
niformation, and placed some stringent Himits 011 various paramecters of therelativity
theory. Infact thie limit set by this experiment on the gravitational redshift prediction
of the General Relativity still stands as theinost accurate experimental lest of this
prediction.

1 Jespite the success of Gl A no other experiments involving, ultra-stable atomic
frequency standards have been performed in space. [2] This shiould De surprising given
that somic of the most exacting tests of physical theories may only 1)He perfornied with
atomiic frequency standards in the enwvivormient of space.  Space is a very suit able
enviromment for atomic clocks which exhibit sensitivity to vibration, teniperature
fluctuations, and magnetic field variations. Since atomic frequency standards (clocks)
produce the most precisely measurable physical paramneters, i.e. thneand frequency,




flying an ultra- stable standard in space will provide thie opportunity (o perforin somne
of tlic most sensitive tests of physical theories.

Inspite of the weight of such arguments, two other important conditions must be
met before {lying an ultra- stable clock inspace can 1x: realized. First the chavacteristic
mass and power requirenients of the clock should be brought in line with the (:onstrai(is
placed on \f’tl’}'(,’.]' space science instruments. 4 Ypicaliass of space fields and particles
illSt]'ll]Il(‘,]]t\?;‘/“?l‘l'(}i]l“l(? vicinity of 1 () to 1 bkg, while a space version of ultra-stable
hydrogen maser clocks could have a mass ranging from b5 1o 75 kg. [3] The mass for
space science instruments is a particularly important criterion since the current trend
in space missions is towards those that are very small, and more affordable. Second,
the case for the significance of the scientific payofl of the mission should be strong,
cnough to compete with other outstanding p roposals in space science investigations.

Inthis paper we will give a brief descriptionof aspace flight mission based onan
ultra-stable frequency standard and a stable, multi beam communication system for
space tests of Relativity. [b] 1 he concept of this” clock mission” is motivated in part
by the new space mission paradigim of NASA, cncouraging small, low cost spaccflights
under the Small Explorer missions (SM19X) p rogram. The sil41°X programsupports
missions which cost no more than 30 million dollars and take no more than three
1o five ycars from inception to launch. This should be contrasted with Jarge mission
concepts such as Voyager and Cassini which would take as long as fifteen years from
inception to launch, and would cost upwards of one billion dollars.

I'he concept is also based on the recent developments in the trapped ion frequency
st a1 1idards which have pointed to the potential for an ultra-st able clock with mass
of about 5 kg> and power requirciment. of less than 15 w. [4] < 'he clock described
in this paper will enable investigations of IMinstein’s Relativity theory providing new
findings to clucidate the domain of its validity. 'The organization of the paper includes
a description of the science content of the mission, followed by an outline of the
instrument consisting, of the clock and the communications systemn.

2. General 1 )escription

The proposed clock mission consists of a small spacecraft flying the science instru-
ment, which consists of a trapped ion frequency standard and a multi-beamn cormmnu-
nication systemn. The mission will be carried out in two phases. In the first phase,
the spacecraft will be orbiting Farth and carrying out investigations of Finstein’s
Equivalence Principle (1151°). This phase will have a duration of sixly days. In the
sccond phasc the spacceraft will he inserted in a deep space trajectory to carry oul a
scarch for low frequency gravitational waves (GW). This phase will have a duration
of 34 months, for a total mission life of three years. While it is anticipated that
several other related scientific experiments could be performed with this mission, for
the purpose of this paper the science investigation will be limited to EEP and GW.
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T'he scientific investigations with the « clock ynission” will be based on a perfor-
mance corresponding to frequency stability of 1 x10° 1

3. Tests of the Kquivalence Principle
> " ‘i
Finsteins Iiquivalence 1 vinciple is at the foundation of the geometric view of gen-
cral relativity, and all other metric theories of gravity. Naturally, then, B has
bheen tested in a number of experiments where deviations from predictions of general
relativity have been sought. T'he experimental tests of the equivalence principle have
addressed the three aspects of 11512, the local Lorentz invariance, local position in-

variance, andthe weak cquivalence principle. [(i] ‘I 'he fivst type of experiments test the ™

isotropy of nuclear energy levels, or thie isotropy of the speed of light in an exami-
nation of the degree of violation of Lorentz invariance (1,1 .1) fromelectromagnetism.
Inthesccond class of tests, gravitational redshift experiments test the degree of de-
viation of the redshift from the prescription of metric theories. Finally in the third
class of experiments thie deviation of the inertial mass fom the gravitational mass is
examined via the 15otvos type experiments.

These previous tests of 1991” have thas faruphield all predications of metric theories
of pravity; yet there is renewed interest insecking, a limit whereby the geometric view
of gravitation fails. The itderest inmore exacting tests of FINY stems fromrecer It
attempts to formulate a theory of quantum gravity, and a theory for the unification
of the gravitational force with other fundamiental forces of nature, which predict a
failurc of the metric view of gravity under certain limits.

*J 'he proposcd mission is intended to address the test of BB in a comprehensive
manncr. Firstly, the orbital phase of the mission will include measurements of the
redshift to improve the present limits Ly a factor of” 20. Sccondly, the mercury ionfre-
quency standard will 1x: used to compare frequencies derived {fromboththemercury
isotopes 199 and 20110 divectly test locall,orentz invariance in orbit. ‘3 'he proposed
test willexamine, for the first time, the degree o £ spatial anisotropy produced by
the Farth®s field. This will be an important experiment in connection with tests of
nonmetric theories of medimmrange, in contrast to the essentially infinite range the- |
orics to which previous experiments were sensitive. Nomnetrie theories with medium
and short range off]‘/)'iai‘t’,i(:nlm']y important to certain string theories. IFinally, results of
tests of violations of 15101 provided with this mission will complement results expected
with $*J 'IP mission, and will test the Schifl’s conjecture. [6)

4. Scare]] for Low Frequency Gravitational Waves
Y
Gravitational waves arc a predication of Einsteins ficld cquations, as well as all
other metric theories of gravity.  The existence of gravitational waves is generally
believed by theorists, and is indirectly observed by the measurement of the variation




in the rotationrate of binary millisccor 1q pulsars. Nevertheless a direct observation of
gravitational radiation is considered crucial in physics. This is because gravitational
waves interact quite weakly with matter; and unlike clectromagnetic radiation that
s absorbed or scattered by matter, can provide information regarding the interior
of stars and other astrophysical souvces. Thus gravitational wave astronomny can
complement clectromagnetic wave astronomy to provide us with a more complete
picture of the universe.

Approaches for the detection of gravitational waves include solid bar antenmas,
laser interferometers, and an anteima consisting of a ground based receiver /transmitter
pair combined with a transponder onboard a spacccraft. This latter approach is suit-
able for detection of low frequency waves with wavelengih corresponding to the light
distance between the carth station and the spaceceraft.[8] The details of the character-
istic signature of a wave detected by this antenna systen has been deseribed elsewhere
and appeard as a Doppler shift in the frequency of the radio link hetween the space-
craft. and the carth station reflecting the bufleting of the spacecraft, the bufleting of
the carth station, and the reflected carth bufleting by the spacecraft transponder.

For the clock mission this signature will be enhanced by a multi-beamn radio link
originally described by Vessot.[b] In this manner, a four-way beamn radio communi-
cation system including up/down links at three frequency bands will enhance the
signal allowing a single gravitational wave pulse to produce a ten signature Doppler
response. In addition to enthancing the Doppler signature of the gravitational wave,
the multi-beamn conmnunications link will help reduce the deleterious effects of the
almospheric noise to improve the signal- to-noise ratio of the measurcment system.

5. The Irequency Standard

Inorder to fulfill the scientific goals of the mission withivl the constraints of mmass
and power budgels, a modified version of the mercury ion sta ndard has 1)heers designed.
This instrument, is fashioned after the shuttle trap previously described. The specific
miodifications of the design over the shuttle traly arc intended to take advanitage of
the vacuum of sprace, and to accommodate the science objectives for the comparison
of the frequencies of the two isotopes of mercury at. 199 and 201.

Iigure 1 is the schematic diagram of the duo clock for the mission. The jon trap
is a three segment version of the sector trap previously deseril d. [4, 9] 'The outer
scgments arc for the production of ions, the optical puinping, of the lower ground state
hyperfine level, and the observation of the clock transition.  The middle segment is
the interaction zone where the ions are jrradiated with the hicrowaves to induce the
clock transition. INacl outer segment has its owr | electron source and micrcury isotope
source Lo produce the jons of the desired isotope. The operat ion of the clock includes
cycles, comprising of the creation of” 199 isotope jons inthe left scgment, and their
oplical pumping in the lower ground state hypaorfine level] followed by shutiling of




the ions to the center segment for interaction with 40.5 GHz radiation produced by
alocal oscillator. Whilethe 199 isotopejons are inthe central trap, 201 isotope ions
arc created, and optically pumped, in the right hand segment. In the next eycle, the
199 isotope ions arc shuttled back to the left-17al1(] segment for interrogation, while
the 201 isotope jons are shuttled into the central segnmientto interact with30GI11»
rad tationproduced by a seem 1dlocal oscillator.

E i) View

Bcheinatic diagram of the segmented sector trap for the clock mi isalon

The central segi nenit of the trap is isolated with three layers of magnetic shiclds,
which extend beyond the central region to reduce axial ficlds which might penetrate
into the interaction region. An axial coil producesthemagneticficldon the axis of
the central trap for the proper control of theZceemansublevels. Appropriate openings
inthetwo outer scgments allow the introduction of theuvlight, generated by a larnp.
Isotope 204 of mcercury will beused in the Jamp to generate the uv pumping jight,
sityce light from this isotope can excite both the Y91gt and 117 . 1clium bufler
gas will cuter the trap from one of the end regions. The sector design and the size
of theopening windows allow the maintainance of a helium background in‘cssum at
about 1 ()7 G Torr, while the space vacuum provides continuous pumping.

In this mammer two standards based on '"Hg? and 29 11g? will operate simultanc-
ously. T'hefrequency derived from cach standard will 1)(: used to observe a drift with a
signature corresponding to the orbital period of the spacecra ft. '1'his observation will
last thirty days and data wii be integrated and filtered to maximize sensitivity. In
the next thirty day period the orientation of the two clocks will be rotated to improve
the detection sensitivity of any anisotropy due to Fart I’s gravity.

After the orbital phase of the experiment is cornpleted, and the spacecraft is in-
serted ina deep space trajectory, only one o f the clock segiments will operate with




mercury isotope 199, and the other scgment will remain dormant to serve as a redun-
dant. system for the clectron source and the lamp.
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Optical pumping scheme for the duo-clek

An important part of this relativity instrmnent is the commmumications subsystein
of the spacecraft.  As mentioned before, the multi-beamn communications, is crucial
to the sensitivity and success of GW observation. The proposed system will not. be
described here, but will essentially consist of the Cassini transponder and a phased
array antenna to reduce mass and power consumption.
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